N-Nitroso propoxur (NP) can be synthesized from a widely used N-methylcarbamate insecticide, propoxur, in vitro in the laboratory. Because of the extensive use of aerosol propoxur, the adverse effect on cells of respiratory origin is worth elucidating. In this report, two mammalian cell cultures from respiratory tissues [a hamster lung fibroblast, V79, and a primary rat tracheal epithelial cell (RTE)], were used to investigate the genotoxicity of propoxur and NP. NP was more cytotoxic than propoxur, with LC 50 s (20 and six times smaller, respectively in V79 and RTE cells. NP significantly induced sister chromatid exchange (ജ0.01 µg/ml), chromosome aberration (ജ2.5 µg/ml) and hprt gene mutation (ജ0.5 µg/ml) in V79 cells, and cell transformation (ജ0.2 µg/ml) in RTE cells. Results of chromosome aberration and hprt gene mutation indicated that the major pre-mutagenic lesion induced by NP must be the O 6 -methylguanine adduct, which frequently mispairs with thymine and thus gives rise to a GC→AT transition. Propoxur was not mutagenic to either type of cells. However, it inhibited gap-junctional intercellular communication in V79 cells, which indicates that propoxur could act through some epigenetic mechanisms, such as tumor promotion or cell proliferation, in the multiple process of chemical carcinogenesis.
Introduction
Propoxur [2-(1-methylethoxy)phenyl methylcarbamate] is one of the N-methylcarbamate esters that inhibit cholinesterase in insects. Due to its low toxicity to mammals and other vertebrates, propoxur is an economically important insecticide manufactured in very large quantities, and is widely used to control agricultural and household insect pests.
N-Methylcarbamate insecticides are generally recognized as non-genotoxic. In previous reports, they were found to be nonmutagenic to bacteria (1, 2) and mammalian cells (3) (4) (5) (6) . Positive results, however, were shown in the induction of sister chromatid exchange (SCE*) (4, 7, 8) , chromosome aberration (6, (8) (9) (10) and aneuploidy (10, 11) . Propoxur does not induce DNA strand breaks in mammalian cells (3) , but is weakly clastogenic (5) and induces SCE and micronuclei in human lymphocytes in vitro (8) . In an in vivo study, propoxur failed *Abbreviations: SCE, sister chromatid exchange; NP, N-nitroso propoxur; RTE, rat tracheal epithelial; MEM, minimum essential medium; FBS, fetal bovine serum; BrdU, 5Ј-bromodeoxyuridine; PBS, phosphate buffered saline; BSA, bovine serum albumin; GJIC, gap junctional intercellular communication; DMSO, dimethyl sulfoxide; TPA, 12-O-tetradecanoylphorbol-13 acetate; 6TG, 6- to induce a significant number of chromosome aberrations or micronuclei (12) . Recently, propoxur was reported to induce bladder tumors in rats, but not in other species (13) . Further investigations are needed to elucidate the genotoxicity of propoxur.
Like all N-methylcarbamate insecticides, propoxur can be converted to its N-nitroso derivative, N-nitroso propoxur (NP), under conditions of 'stomach physiology' (i.e. mild acid and 37°C) in the presence of nitrites or nitrogen oxides (12, (14) (15) (16) . NP is not a cholinesterase inhibitor and is less toxic to mammals than propoxur. It is, however, carcinogenic and mutagenic (16) . The mutagenicity of NP was established using bacteria (1, 17) , human skin cells (3) and lymphocytes (8) . Animal tests by oral feeding indicate that the forestomach is the principal target for the carcinogenicity of N-nitroso methylcarbamates (16) . Propoxur has been extensively used as aerosols to control household insects in Taiwan. Because of the likelihood of human airway exposure to propoxur, it is important to investigate the genotoxicity of NP in cells of airway target origin. We report on the NP-induced genotoxicity in V79 cells from a lung fibroblasts of Chinese hamster, and in primary rat tracheal epithelial (RTE) cells of SpragueDawley rats.
Materials and methods
N-Nitrosation of propoxur Propoxur (98.7%, Chem Service, West Chester, PA) was N-nitrosated as described in previous reports (1, 3, 17) . The final products were checked for a typical spectrum of N-nitroso alkylcarbamate with a group of maximum intensity at 385, 400 and 420 nm. Chemical structures of propoxur and NP are shown in Figure 1 .
V79 Cells
Two V79 cell lines, susceptible (6TG-S) and resistant (6TG-R) to 6-thioguanine, provided by Drs J.E.Trosko and C.C.Chang of Michigan State University, MI, were maintained in minimum essential medium (MEM) (Earle's salts) containing 10% heat-inactivated fetal bovine serum (FBS, Hyclone, Logan, UT) at 37°C, in a 5% CO 2 /air atmosphere. All culture chemicals were purchased from Gibco BRL (Grand Island, NY) unless otherwise specified.
SCE and chromosome aberration assay 6TG-S V79 cells were exposed to test chemicals with a one-fifth log range of concentrations for 2 h, and then incubated with drug-free media containing 5Ј-bromodeoxyuridine (BrdU, 10 µM) (Sigma, St Louis, MO) for another 24 h in the dark. At the end of the incubation, cultures were checked for cytotoxicity using the criteria of Galloway et al. (18) and harvested for metaphase by shake-off and air-dry methods (19) . The sister chromatids of chromosomes were differentially stained by the fluorescence ϩ Giemsa technique (20) . At least 50 second-division cells were sampled from each treatment for SCE score. Metaphases for chromosome aberration assay were prepared following a similar method, except that no BrdU was added to the culture and the post-treatment period was 18 h. At least 100 metaphases were sampled for chromosome aberration score.
Hprt gene mutation Cytotoxicities were firstly determined by treating 6TG-S V79 cells with test chemicals for 2 h. Cells from each treatment were re-plated (100-200 per 60-mm dish) in triplicate, and incubated for 1 week. Colonies were fixed with 95% ethanol and stained in 10% Giemsa. The relative survivals were calculated by dividing the colony numbers in treatment by those in the control. At least three replicates were performed for each treatment. The mutation assay was then initiated by growing 6TG-S V79 cells (10 5 per 100-mm dish) in media containing hypoxanthine (100 µM), aminopterin (2 µM) and thymine (30 µM) (HAT medium, Sigma) for 3 days. Cells (10 6 per 100-mm dish) were replated and incubated for 18 h. Cultures were exposed to test chemicals for 2 h with a dose range that showed ജ50% survival rate. Cells were then maintained at their proliferative growing state in drug-free media for 8 days. Cells (1ϫ10 6 ) were divided among 10 100-mm dishes and incubated for 7 days in media containing 6-thioguanine (10 µg/ml, 6TG, Sigma). Plating efficiency was measured at the same time by plating cells (100 per 60-mm dish) in 6TG-free media. Mutation frequency was determined as the number of 6TG resistant (6TG-R) colonies induced per 10 6 surviving cells.
Molecular analysis of hprt mutation was that of Yang et al. (21, 22) . 6TG-R colonies were picked and transferred to 35-mm Petri dishes. First-strand cDNA was synthesized from mRNA in a few cells. About 250 cells in phosphate buffered saline (PBS) were transferred into a 0.5-ml Eppendorf tube and centrifuged (10 000 r.p.m., 4°C, 10 min). The pellet was re-suspended in 5 µl of cDNA cocktail buffer containing bovine serum albumin (BSA), RNase inhibitor, Nonidet P-40, 4 deoxynucleotides, oligo(dT) [12] [13] [14] [15] [16] [17] [18] and MMuLV reverse transcriptase. The mixture was incubated at 37°C for 1 h to allow lysis of the cell membranes and synthesis of the first-strand cDNA using cytoplasmic mRNA as templates. Four primers used as two nested pairs for PCR amplification were designed according to Konecki et al. (23 424 ACAATGCAAACTC 436 were used to sequence the entire coding region of the V79 hprt gene by a direct DNA sequencing method (21) .
Gap junctional intercellular communication (GJIC) inhibition
Methods for cell culture and GJIC inhibition assay followed Bohrman et al. (24) . Cytotoxicities of test chemicals to 6TG-R V79 cells were determined as described in mutation assay, except that the treatment period was 3 days. To assay GJIC inhibition, media containing 100 6TG-R and 2-4 ϫ10 5 6TG-S V79 cells were thoroughly mixed and plated into 60-mm dishes. After a 4-h attachment period, test chemicals were added, with 20 replicates per concentration. After 15 min, 6TG (10 µg/ml) was added and incubated without change of media for 3 days. The media were then replaced with those containing 6TG but no test chemical. On day 7, the colonies were fixed, stained and cytotoxicity determined as described earlier. Each cytotoxicity and GJIC inhibition assay included a solvent control [0.5% dimethyl sulfoxide (DMSO)] and a positive control with 12-O-tetradecanoylphorbol-13 acetate (TPA, 10 ng/ml, Sigma). Statistical analysis of the inhibition followed Toraason et al. (25) .
Transformation assay
Methods followed Tanaka et al. (26) . RTE cells were obtained from the surgically isolated trachea of an 8-week-old male Sprague-Dawley rat by treatment with protease (5 mg/ml, Type XIV, Sigma). Culture media were Ham's F-12 containing 5% fetal bovine serum (FBS), 10 µg/ml insulin (Sigma), 5ϫ10 -6 M hydrocortisone (Sigma), 25 ng/ml epidermal growth factor (Collaborative Biochemical Inc., Waltham, MA), penicillin (100 units/ml) and streptomycin (100 g/ml). A suspension of single RTE cells (1500) was seeded onto monolayers of X-radiated (5000 Rad) 3T3 cells (5ϫ10 4 ) in each 35-mm dish for 24 h at 37°C in humidified air with 5% CO 2 . The 3T3 feeder layer was prepared according to Gray et al. (27) . Cultures were incubated with a series of propoxur or NP concentrations in serum-free F-12 for 4 h. At least 50 replicates were used for each dose. In the first week, media were changed every 3 days. After that, they were refreshed every week. On day 7, five dishes were randomly selected from each treatment to determine the plating efficiency. The relative survivals were calculated by comparing the plating efficiency of the drug-treated groups with that of the DMSO-treated group. After the incubation was continued for 5 more weeks, the cultures 624 were fixed with 95% ethanol, stained in 10% Giemsa, and the transformation frequency was quantified as described by Tanaka et al. (26) .
Results

Cytotoxicity
After N-nitrosation, propoxur greatly increased its cytotoxicity to both V79 and RTE cells. LC 50 s of propoxur and NP to V79 cells, estimated from dose-survival curves using regression analysis, were 43 and 2 µg/ml, respectively ( Figure 2 ). NP is ജ20 times more toxic than propoxur. In RTE cells, LC 50 s of propoxur and NP were 288 and 1.6 µg/ml, respectively. NNitrosation increased the cytotoxicity of propoxur to RTE cells by~188-fold (Figure 3 ). According to LC 50 values, NP has similar toxicity to V79 and RTE cells (2 versus 1.6 µg/ml), while propoxur was 6.6 times more toxic to V79 than to RTE cells.
Sister chromatid exchange (SCE)
Background SCEs of V79 cells in the control group of 0.5% DMSO were 8.83 Ϯ 3.38 per cell (Figure 4) . Treatment of V79 cells with NP at a dose level higher than 0.32 µg/ml resulted in metaphases with no differentiated sister chromatids, which was probably caused by a significant cell cycle delay. There was no apparent cell cycle delay in cells treated with up to 200 µg/ml propoxur. Therefore, NP-induced SCEs were analyzed at a dose range of 0.02 to 0.32 µg/ml, which was much lower than that of propoxur (6.26 to 200 µg/ml). According to the criteria for SCE assessment proposed by Galloway et al. (18) , both propoxur and NP induced statistically positive and dose-dependent SCEs. The highest number of SCEs per cell induced by propoxur and NP were 12.5 and 46.7, respectively. NP is a much stronger SCE inducer than propoxur. For an induction of 12 SCEs per cell, for example, doses needed for propoxur were 100-200 µg/ml while for NP it was 0.02 µg/ml. Chromosome aberration Analysis of chromosome aberration induction also followed Galloway et al. (18) . Propoxur did not induce chromosome aberrations in V79 cells (Figure 5 ), nor did NP induce significant chromosome aberrations at dose levels lower than 1.25 µg/ml. The induction by NP, however, was greatly increased at doses higher than 2.5 µg/ml, and overall induction became dose-dependent. As much as 72% of V79 cells treated with 10 µg/ml NP had aberrant chromosomes. Numbers of mitotic cells were insufficient for a significant analysis at a dose higher than 10 µg/ml.
Major types of aberration induced by NP were chromatid breaks, including deletions and fragments, and chromatid exchanges (Table I) . Chromosomal aberrations, such as rings and dicentric chromosomes, were found sporadically in some treatments with high dosage. The overall pattern of chromosome aberration induced by NP was similar to those induced by other alkylating agents (28) . Chromatid aberrations could be detected shortly after a 2-h pulse treatment ( Figure 6 ). The proportion of aberrant cells remained unchanged from 2 h to 8 h after the removal of NP ( Figure 6, empty histogram) . The number of chromatid breaks, on the other hand, decreased from 70 to 20 per 100 aberrant cells, as the post-treatment duration increased. An increase of chromatid exchanges from 2 to 80 was found concomitantly with the decrease in chromatid breaks. Whether the chromatid exchange observed in the later period came from the unification of chromatid breaks in the previous period needs more research. Hprt gene mutation Induction of hprt gene mutation in V79 cells was expressed as the number of 6-TG resistant colonies per 1ϫ10 6 surviving cells (Table II) . Propoxur, up to the dose that caused 90% mortality, did not induce hprt gene mutation when compared with the control group using 1% DMSO. NP, on the other hand, readily induced gene mutation. The DNA sequences of 11 independent mutants were analyzed by comparing the entire coding region of the hprt gene that was amplified from the mRNA of each mutant with the wild-type coding region sequence (29) . Only deletion (7/11) and GC→AT transitions (4/11) were observed in these 11 mutants (Table III) . Deletions occurred at exons 4 or 5, while GC→AT transition occurred at exons 3 or 8. The transition of GC→AT can be caused by O 6 -methylguanine formation (30, 31) . This probably implies that the genotoxic mechanism for NP is similar to that of N-methyl-N-nitro-N-nitrosoguanidine (MNNG).
Gap junctional intercellular communication (GJIC) inhibition
Results of assays on the inhibition of GJIC in V79 cells are shown in Table IV . The GJIC coefficient, which was recommended by Vang et al. (32) as one of two criteria for result assessment, was calculated. GJIC inhibition with a coefficient Ͼ0.1, indicated a positive result. Propoxur, had five out of six treatments with an inhibition coefficient Ͼ0.1 in two experiments, and was a positive GJIC inhibitor. NP, which has been shown to be highly mutagenic to V79 cells, did not induce GJIC inhibition. The discovery that propoxur could inhibit GJIC is significant. GJIC inhibition is one of the important properties found with most tumor promoters (33, 34) . Our data indicated that propoxur was able to inhibit GJIC half as effectively as TPA, which is a well-known tumor promoter.
Cell transformation
A range of serial doses that caused Ͻ50% mortality to RTE cells, i.e. 30 to 250 µg/ml for propoxur and 0.2 to 1.5 µg/ml for NP, were used to induce cell transformation in primary RTE cells (Figure 7 ). The transformation frequency, which quantified as the number of type III and type IV enhanced growth variant colonies divided by plating efficiency (26), were 0.25 Ϯ 0.17 and 2.43 Ϯ 1.28, respectively, in treatments with DMSO (0.5%, negative control) and MNNG (0.3 µg/ ml, positive control). Transformation frequencies induced by propoxur were between 0.3 and 0.5, which were insignificant, but NP induced transformation frequencies 10 to 20 times higher than that of the negative control. In the treatment with 1.5 µg/ml NP, the transformation frequency was higher than the positive control of 0.3 µg/ml MNNG, which is a wellknown carcinogen. 
Discussion
Reports on the genotoxic mechanism of N-nitroso methylcarbamates have been limited (16) . In our study, genotoxicities of propoxur and NP were thoroughly investigated. Similar to previous reports (3, 12) , our results indicated that propoxur was not genotoxic to either V79 or RTE cells. NP, on the other hand, was strongly genotoxic, and induced significant and dose-responsive induction of SCE, chromosome aberration, gene mutation and cell transformation. Although the N-nitrosation of propoxur in vivo probably does not proceed to a very large extent (17) , mutagenicity of NP is still a serious concern for human health. Human exposure to this insecticide is significant in Taiwan because of its popular use as an aerosol in household areas. In a previous report, NP induced SCE and micronuclei in human lymphocytes (8) . A much higher dose-range of NP was used in that study, and yet it only induced SCE in about a quarter of that of the V79 cells in this report. Cells that originate from respiratory tissue, such as V79 and RTE cells, seem to be quite vulnerable to the genotoxicity of NP. The high SCE induction efficiency in the present report implies that NP is probably an S-dependent clastogen. This induces DNA single-strand breaks in unreplicated chromosomes (G1 stage) that are not repaired before replication, which leads to a chromatid-type aberration that is similar to other alkylating agents. NP induced mainly chromatid breaks and exchanges. Both SN-1 or SN-2 type alkylating agents also primarily induce chromatid breaks and exchanges (28) . Analysis of hprt gene mutation further indicated that NP is similar to an SN-1 type alkylating agent. Mutagenic SN-1 type alkylating agents such as N-methyl-N-nitrosourea (MNU), N-ethyl-N-nitrosourea (ENU) or MNNG show a high affinity for alkylating the oxygen atoms of nucleic acids (35) . Molecular analysis of NP-627 induced hprt mutations in our report showed that the major mutational change was a transition from GC→AT, which is similar to the results reported for MNNG (36, 37) . Therefore the major pre-mutagenic lesion induced by NP is possibly the O 6 -methylguanine adduct, which frequently mispairs with thymine and thus gives rise to a GC→AT transition.
The O 6 -methylguanine adduct shows strong associations with neoplastic transformation, both in vivo and in vitro (35) . Significant induction in cell transformation induced by NP in RTE cells supports these conclusions. Because the trachea is a major airway target for environmental mutagens and carcinogens, RTE cells have been extensively used to investigate chemical carcinogenesis in vitro (27, (38) (39) (40) . In addition, RTE cells closely resemble human bronchial epithelium (41) . Bronchogenic carcinoma is the most common form of human lung cancer. The fact that NP induced a transformation frequency higher than that of MNNG suggests that the wide use of aerosol N-methylcarbamate insecticides in Taiwan is of great concern for human health.
Although analyses of cytogenetic end-points and gene mutation imply that NP is basically a S-dependent-type alkylating agent, controversial data were found in this report. In treatments with NP at high dosage, chromosome-type aberrations, including rings and dicentric chromosomes, were observed. The harvest of chromatid breaks immediately after pulse treatment further indicated that NP might induce DNA double-strand breakage at the G2 stage. In addition, the frequency of chromatid breaks decreased gradually after the treatment removal and increased concomitantly with an exchange in chromatids. A negative correlation between the appearance of chromatid breaks and exchange has been reported in Chinese hamster ovary cells treated with X-rays, which are known to induce chromosome aberration in an S-independent way (42) . Whether NP induces DNA double-strand breaks, as X-rays do, needs more research.
The parental insecticide itself is not mutagenic to either V79 or to RTE cells. However, propoxur inhibited the GJICmediated metabolic co-operation between 6TG-S and 6TG-R V79 cells. Inhibition of GJIC using a V79 cell metabolic coperation assay was used by many investigators to detect tumor promoters and other chemicals that may act through epigenetic mechanisms (43) . The significance of GJIC inhibition was inferred in multiple stages of chemical carcinogenesis, since intercellular communication with normal neighbors through gap junctions were lost in many cancer cells (33, 44) . Tumorpromoting agents, such as TPA and dichlorodiphenyltrichloroethane (DDT), are found to inhibit GJIC both in vitro and in vivo (44) (45) (46) (47) . Among phorbol ester analogs, the tumorpromoting activity in vivo was reported in association with GJIC-inhibiting activity in V79 cells (48) . In the present report, propoxur inhibited GJIC at significant levels, without showing apparent cytotoxicity. The GJIC-inhibiting activity of propoxur in V79 cells was close to that of phorbol-12,13-dibutyrate, which is about half that of TPA. In in vivo experiments, the tumor-promoting activity of phorbol-12,13-dibutyrate is also about half of the TPA (48) . Whether this implies that propoxur could be a potential tumor promoter is worth further investigation.
Gap junction-inhibiting insecticides have been reported previously, and are exclusively chlorinated hydrocarbons that include aldrin (49) , chlordane (50) (51) (52) , DDT (51, (53) (54) (55) , endosulfan (52, 56) , heptachlor (50, 52) and lindane (51) . Insecticides in this category are not used in most of the world anymore because of their persistent residual effects in the environment. N-Methylcarbamate insecticides, on the other hand, are still among the most widely used insecticides. The discovery that propoxur inhibited GJIC is especially significant, since our data also indicated that NP were highly mutagenic to mammalian cells. In other words, the propoxur could act through some epigenetic mechanisms, such as tumor promotion or cell proliferation, to enhance the NP-induced carcinogenicity in the multiple process of chemical carcinogenesis.
